We reevaluated the concept that the in vivo glucose disposal rate in man is determined by the activity of the glucose transport system. Rates of glucose disposal were determined in whole body and across forearm at four insulin levels (-9, -50, -160, and -1700 gU/ml) and at each insulin level at four glucose levels (-90, -160, -250, and -400 mg/dl). At the lowest insulin level, the Michaelis constants (K.:s) for glucose disposal in whole body (8.7±1.1 mM) and across forearm (7.4±1.4) mM) were compatible with a K. determined in vitro for the transport system. At higher insulin levels, the apparent K. increased significantly in whole body (16.2-37.7 mM) and across forearm (20.7-31.2 mM). We interpret the apparent increase of K. by insulin to reflect a shift in the rate-limiting step from glucose transport to some step beyond transport.
Introduction
At present considerable controversy still exists regarding the ratelimiting steps for glucose disposal' in man. It has generally been recognized that muscle is the major site ofglucose disposal under hyperinsulinemic conditions (1) . In muscle, insulin activates both glucose transport into the cell and its conversion to glycogen (2) . It has been assumed that glucose transport is the rate-limiting step for glucose disposal by the muscle and that insulin regulation of this process is responsible for insulin's ability to increase glucose disposal. In isolated muscle, glucose transport has been shown to follow Michaelis-Menten kinetics (3, 4) . In addition, the preponderance of data indicate that insulin's effect is to increase the maximum transport rate (V.,x), probably by increasing the number of functional transporters in the cell membrane without changing the affinity of the transporter for glucose (K,) (4). Gottesman et al. (5) showed that both basal and insulinstimulated rates of glucose disposal in vivo could be described using Michaelis-Menten kinetics with a constant K, (8-12 mM) similar to that determined in isolated muscle. This data suggested that the assumption that glucose transport was the rate-limiting step for glucose disposal was well founded. However, kinetic analysis was performed over a range of glucose concentrations (60-160 mg/dl) in which demonstration of saturation could not be expected. Thus, any number of other models of glucose disposal could have been fitted to the data (Fig. 1) .
In an in vivo study in man, Ferrannini et al. (6) recently showed that glucose distribution volume increases during insulin stimulation and suggested that this was due to accumulation of free intracellular glucose in insulin-dependent tissues. On the other hand, attempts to demonstrate an increase in intracellular free glucose by direct measurements in skeletal muscle have not been successful (7, 8) . These measurements, however, depend upon the assumption that glucose is uniformly distributed throughout the cell (7, 8) . Studies in adipocytes (9) and smooth muscle (10) (Fig. 2) . The order of studies at the different glucose levels was randomized. The subjects were divided into four groups, which received insulin at infusion rates of 0 (n = 6), 20 (n = 5), 60 (n = 6), or 400 (n = 5) mU/m2 min. The (14) . The use of a heated superficial hand vein as a replacement for an artery has been previously validated for measurement of glucose kinetics in man (14, 15) . Catheter 3 was threaded into the contralateral arm in the deep branch ofthe median cubital vein for sampling of blood draining the forearm muscle (16) . The protocol for the infusions and infusion rates used to measure glucose disposal at different glucose and insulin levels is diagrammed in Fig. 2 . The insulin infusions (porcine monocomponent insulin, Nordisk-USA, Bethesda, MD) were given in a primed continuous manner as previously described (2, 17) . Somatostatin Before searching for the best fit for the observed means, nonuniformity of the variance of the response was estimated by a weighing function (26) . Groups of dose-response pairs (glucose concentration followed by individual values for rates ofglucose disposal) were then entered to obtain the best fit at each insulin concentration. Goodness of fit was evaluated on the basis of residual variance, by the use of the extra sum of squares principle. Deviations of observed responses from predicted responses was tested by the number of"runs" ofpositive or negative residuals (26) . For each observed best fit, the data points were randomly distributed (i.e., "runs" test > 0.05) around the fitted curve, indicating appropriateness of the model. The program described by DeLean et al. for simultaneously fitting several dose-response curves based on the four-parameter logistic equation allows rigid statistical analysis of shared parameters for several curves without having to predefine any of the parameters (26) . We did, however, assume a to be zero, i.e., glucose disposal to be zero in the absence ofglucose. Comparison of means was done by the paired or unpaired Student's t test after one-way analysis of variance or analysis of variance for repeated measures, respectively.
Results
Whole-body glucose disposal Insulin -9 .U/ml. At the lowest insulin level, the best fit for whole-body Rd:s over the glucose range 90-400 mg/dl was compatible with the Michaelis-Menten equation. The predicted K5 and Vm.x were 8.7±1.1 mM and 6.4±0.5 mg/kg-min (Fig. 3) .
Insulin -50,gU/ml. The K5 and Vm.,, averaged 19.8±9 mM and 17.0±5.8 mg/kg min, respectively (Fig. 3) . As shown in Fig. 3 , the observed increase in Rd as a function ofplasma glucose was less than expected, assuming a V.,. of 17.0 mg/kg. min and an unchanged K5 similar to that observed at the lowest insulin level (8.7 mM). The goodness of fit for the data assuming a K, of 8.7 mM instead of the observed K. of 19.8 mM differed almost significantly from the best fit (P = 0.06, Table III) .
Insulin -160 ,U/ml. The K, (24.8±7.4 mM) at this insulin level was significantly (P < 0.05) higher than that found at the lowest insulin level. Consequently, the observed &:s were lower than what would be predicted for an unchanged K. (Fig. 3) . The best fit for the data was different (P < 0.02) from the fit where K, was constrained to 8.7 mM and V.. was constrained to the predicted 43.3±8.1 mg/kg. min (Table III) . 
NS
best fit for the data was different (P < 0.005) from the fit assuming an unchanged K, (Table III) . The predicted Vma, was 59.6±7.5 mg/kg. min.
Forearm glucose disposal
Glucose disposal by the forearm followed in general the same pattern as at the level of the whole body (Fig. '4) . Thus, in the basal state the K, (7.4±1.4 mM) was compatible with a K, for the transport system. At higher insulin levels, the process determining the rate ofglucose disposal had a lower apparent affinity for glucose (K,,:s 18.1±7.5, 16.2±9.2, 37.7±20.7 mM at insulin levels of 50, 160, and 1,700 AU/ml, P < 0.05 vs. basal) than what would have been predicted if glucose disposal followed Michaelis-Menten kinetics with an unchanged K, (Fig. 4 , Table  IV ). Neither insulin nor glucose changed the rate of blood flow across the forearm (Table II) .
The fraction of total glucose & attributable to total body muscle tissue extrapolated from forearm muscle averaged 33±6% at the lowest insulin and glucose level. At the next glucose level (160 mg/dl) at the lowest insulin level, this fraction was 70±10%. At all higher glucose or insulin levels, this fraction remained constant'and averaged 68±3%. The correlation coefficient between total body glucose disposal and forearm glucose disposal was 0.87 (P < 0.001; Fig. 5 Insulin -1700 AMU/ml. The apparent K, for glucose disposal averaged 25.9±5 mM, which was significantly (P < 0.01) higher than that observed at the lowest insulin level (Fig. 3) . Also, the Lines depict the best fit for the glucose disposal rates at various insulin levels. required to stimulate glucose disposal 50% of the rate found at the glucose concentration of 350 mg/dil. When Fink et al. (27) analyzed their data more rigorously, i.e., by not assuming that glucose disposal was maximal at 350 mg/dl and by using Eadie-0.1 NS Hofstee plots, the K.:s were -300 mg/dl (17 mM) in both groups. These K, values are approximately twofold higher than those predicted by Gottesman et al. (5) using lower glucose concentrations but comparable with those found in the present 8.3 P < 0.1 study (20 and 25 mM at insulin concentrations of 50 and 160 4J/ml).
To avoid some ofthe problems associated with measurement of glucose kinetics at the level of the whole body, we also determined glucose disposal rates across the forearm. This technique has been used to measure substrate fluxes across a muscle bed. Extrapolation from forearm glucose uptake to total muscle uptake is based on several assumptions including the estimation 0 NS of blood flow 'distribution in forearm tissues and the determination of muscle mass in both the forearm and the whole body. Errors in these estimations lead to imprecise estimates ofglucose disposal rates. The use ofarterialized venous blood as a substitute for true arterial blood has become widely accepted although the 37. P<0.0 arterial glucose concentration has been found to be -0.5-2% (14, 15) higher than the glucose concentration in arterialized venous blood at a glucose concentration of -90 mg/dl (14, 15 At all insulin levels except the basal, glucose disposal increased almost linearly with increasing glucose concentration and thus did not follow the expected Michaelis-Menten equation (Fig. 7) . Our finding of a K, characteristic of the glucose transport system in muscle (6-11 mM; 28-30) at low rates of glucose disposal is compatible with glucose transport being rate-limiting for glucose disposal. The apparent increase in the K, at higher rates ofglucose disposal could be due to a decrease in the affinity of the glucose transport system for glucose. However, in in vitro studies in muscle (3, 4) as well as other tissues (31) , the stimulation of glucose transport activity by insulin has been shown to occur through an increase ofthe maximum transport velocity rather than a change in the apparent affinity of the carrier for glucose. In a few studies in adipocytes (32) and muscle (33) , insulin has been reported to both increase the apparent affinity (decrease the K,) of the transporter for glucose and increase the maximum velocity. Thus, it is unlikely that the increase in the apparent K, observed in the present study reflects a change in the affinity of the glucose transport system. Rather we would suggest that the apparent increase in the K, reflects a shift in the rate-limiting step ftrom glucose transport to some step beyond transport. Our conclusion that glucose transport cannot be rate limiting under hyperinsulinemic conditions is in agreement with the early studies of Morgan et al. (30, 34, 35) in the perfused rat heart and the more recent findings in the rat hindlimb (11) . In the studies of Morgan et al. (30, 34, 35) , glucose disposal in the absence of insulin reached a plateau above 300 mg/dl perfusate concentrations and had a K, of 9 mmol/liter. Under these conditions, only very low levels of intracellular free glucose were present. During insulin stimulation, glucose disposal showed less ofa tendency to reach a plateau at high concentrations ofglucose, and the K, increased about threefold to 25 mmol/liter due to a shift on the rate-limiting step from transport to phosphorylation. Recently, a shift in the rate-limiting step was also demonstrated in rat skeletal muscle (6) using a kinetic approach to resolve the rate-limiting step for glucose disposal. In the perfused rat hindlimb, glucose disposal plateaued rapidly in the absence of insulin at a glucose level of 1 140 mg/dl. At submaximally or maximally stimulating insulin concentrations, however, glucose disposal had not reached its maximum at 400 mg/dl (11) . These findings are almost identical to those found in the present study across the forearm: a plateau in glucose disposal in the basal state was reached at glucose levels of 1 160-200 mg/dl, 'whereas at submaximal or at maximal insulin levels glucose disposal showed no tendency to saturate even at 400 mg/dl (Fig. 4) . Because saturation should occur at the same glucose level and K, should be constant at each insulin level if glucose disposal followed Michaelis-Menten kinetics, these data obviously are incompatible with the view of glucose transport is rate limiting during hyperinsulinemic conditions. We cannot, however, exclude the possibility that some step beyond transport is rate limiting already at the lowest insulin level over the range ofglucose concentrations used to determine glucose disposal. In the rat hindlimb, where initial glucose transport rates could be determined both in the absence and presence of insulin, glucose transport was not rate limiting in the absence ofinsulin under hyperglycemic conditions (glucose > 160 mg/dl) (1 1). Because it is not possible to measure glucose disposal rates at low glucose concentrations in man, we cannot be sure whether saturation of glucose disposal at the lowest insulin level was due to saturation of glucose transport or some intracellular pathway.
A change in the rate-limiting step for glucose disposal is also in agreement with the recent findings of Ferrannini et al. (6) , who used a physiological compartmental model to describe kinetics of glucose in normal man in the basal state and under steady-state conditions of euglycemic hyperinsulinemia. The distribution space of glucose in the slow pool reflecting insulinsensitive tissues was found to be rate dependent; at high (> 6 mg/kg * min) rates of glucose disposal the exchangeable mass of glucose was markedly increased, suggesting the accumulation of free intracellular glucose. However, in vitro studies in rat muscle and measurements of intracellular glucose during insulin stimulation have yielded conflicting results. When the glucose space has been calculated from the ratio of glucose in plasma water vs. muscle tissue, no increase has been found (7, 8) . On the other hand, the question of whether the possible increase in intracellular glucose actually is measurable with this approach has not been addressed in these studies (7, 8) . For example, the intracellular water available for glucose distribution in muscle has not been determined (7, 8) . In adipocytes, an intracellular diffusion barrier seems to exist between the transport site and the site of phosphorylation (9, 36) , but whether similar compartmentalization exists in muscle is unknown. In the perfused rat heart (35), insulin increased the muscle glucose space. Whether the difference in the type of muscle, its capillary supply, or the methods used to determine the glucose space in the muscle cell or some other factor(s) account for these divergent findings regarding accumulation of intracellular glucose has not been resolved.
In summary, glucose disposal in the basal state could be described with saturation kinetics ofthe Michaelis-Menten type with a K, similar to that characterizing the glucose transport system in many mammalian cells. During insulin stimulation, the K, for glucose utilization increases. Because at present there is no evidence suggesting that insulin increases the K, of the glucose transport system, we interpret the apparent increase in 14 to reflect a shift in the rate-limting step from glucose transport to some step beyond transport.
